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Project No. F19628-85-C-0172

PROGRAM OBJECTIVE

To conduct research and development into new technology for laser sources
based on quantum well structures in the InP alloy system.

1. INTRODUCTION

1.1 OQutline Achievements

The report given below represents the conclusion of the above named program of
research and development into long wavelength quantum well laser sources carried
out over the period. Since the previous twelve month jnterim report, further
significant progress in all aspects of the program: materials growth, device
preparation and theoretical modeiling, has been achieved. As outlined below, all
MOVPE room temperature, cw lasing, MQW InGaAs/InP Buried Ridge lasers have been
prepared for the first time. Low threshold (60mA) devices have been
characterised and broad area lasers, Jth== 2.9kA.cm~2 indicate some improvement in
To over conventional long wavelength DH lasers, A comprehensive theoretical
model has been developed during the program to include the detailed effects of
Auger and Intervalence Band absorption. These studies also include the effect of
reducing the barrier width on lasing characteristics. Experimental studies have
been carried out which confirm the theoretical predictions. An additional
separate report (Modelling and Design of Quantum Well Lasers in the InP Based
Materials System) gives a more in depth account of these studies than presented
here, Materials growth of InGaAs, InP and AlInAs has been extended tu include a
wide range of lattice matched GaAllInAs compounds suitable for use as active and
guide layers in DH and MQW, M-MQW and GRIN-SCH lasers. On this program 1.24um
wavelength GaAllnAs active layer DH lasers have been prepared for the first time
by low pressure MOVPE. Materials technology required to prepare M-MQW and
GRIN-SCH MQW lasers, the next step towards achieving higher performance quantum
well lasers, has therefore been proven,




1.2 Key Achievements for the First Twelve Months of Program

(As reported in the separate interim report - September 1985 to September
1986)

(i) Growth and characterisation of lattice matched InGaAs and AllnAs on InP by
Atmospheric Pressure (AP) and Low Pressure (LP) MOVPE

(ii) Establishment of doping types and concentrations suitable for laser
structures by AP and LP MOVPE

(iii) Establishment of useful Quantum Well Laser models

(iv) Preparation and Characterisation of Oxide Isolated InGaAs DH
lasers. Jtﬁ'3.5kA.cm-2

(v) Preparation and Characterisation of Index Guided InGaAs DH lasers

(a) MOVPE source, LPE infill OQOCPBH structure: minimum room
temperature lasing threshold current 60mA

(b) MOVPE source, VPE infill DCPBH structure: minimum room temperature
lasing threshold current 30mA

(vi) Preparation and Characterisation of first pass 8-well InGaAs/InP MQW
lasers. Low temperature operation: Jth~15kA.cm'2 at 240K. Emission
wavelength 1.59um,




1.3 Key Achievements for Final Eighteen Months of Program

(i)

(ii)

(iii)

(iv)

(v)

(vi)

(vii)

Room temperature InGaAs/InP MQW laser operation achieved by optical
pumping. DOemonstrated lowest room temperature threshold yet reported for

1.55um MQW laser operation under optical pumping: J_ _ opt.~700A.cm-2

th
Importance of achieving uniform carrier injection across MQW lasers
recognised

Experiments with MQW lasers featuring thinner 55 and 25A& barriers carried
out

Preparation of room temperature lasing InGaAs/InP lasers with thinner 254
barriers achieved under electrical injection and devices characterised:
Jtﬁ'2.9kA.cm‘2. Hence theoretical predictions confirmed.

T, measured on broad area InGaAs/InP MQW lasers of 69K in temperature
range -50 to +500C represents an improvement over conventional GalnAsP
active DH material

A11 MOVPE Index Guided Buried Ridge InGaAs/InP MQW lasers prepared for
the first time. Room temperature, CW operation achieved: Minimum lasing
threshold currents 60mA, with front facet efficiency of 30%. Emission
wavelength 1.53um.

Oxide isoiated GaAlInAs active layer DH lasers aimed at 1.3um operation
prepared for the first time, Room temperature threshold current
densities for broad area devices as low as 4.8kA.cm~2, Emission
wavelength 1.24um, Typical T°~'85K.




(viii) Comprehensive theoretical model for long wavelength quantum well lasers
established and verified. Separate report to be issued.

(ix) Deliverable submounts and pigtajled module, 1.53um InGaAs/InP MQW
lasers fabricated, characterised and delivered to RADC, Hanscom

(x) Long wavelength GaAllnAs oxide isolated DH lasers also delivered
(xi) Papers covering *(a) The importance of thin barriers in long wavelength
MOW lasers .....
+(b) Lasing action in GaAllnAs OH lasers...., submitted

to Electronics Letters.

1.4 State of the art Long Wavelength Quantum Well lasers

Quantum well lasers for 1.3um-1.55um have long been expected to exhibit
performance advantages over their DH counterparts in the same way as GaAs-
based devices have been shown to do. The apparent potential offered by these
structures has encouraged continuing attempts to prepare GalnAsP/InP quantum
well lasers by LPE [1,2] and more recentiy (3] LPE grown M-MQW lasers operating
at 1.3um have been demonstrated with pulsed threshold currents ~15-20mA, and
To~50K above 300C. Growth of 1.3um MQW laser structures by Mydride VPE has also
been reported [4], However, the growth of very thin layer structures by LPE and
Hydride VPE has proved difficult,and reported devices which generally have well
widths in the region of 200-400&2 , l1ie in a regime where the effects of size
auantisation are weak. It §s, therefore, to the growth techniques of MOCVD, MBE
and CBE that one must look for realisation of truly quantum well structures.
Despite almost a decade of research into long wavelength QW lasers, from which
has arisen several encouraging but isolated results spread over a wide range of

* now published Willfams et al Elec. Lett., 1988, 24 pp 859-860
+ now published Davies et al Elec. Lett., 1988, 24 pp 732-733
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device types and growth techniques (Table 1), it is only very recently that a
number of groups have reported device results with characteristics which compare
favourably with OH- GalnAsP lasers. A notable exception has been an early report
of InGaAs/AlInAs MQW lasers, grown by MBE, with threshold current densities of
Jy <2400 A.cm2 and Ty~70-83K [5] and room temperature CW operation has recently
been achieved by a different group but in essentially the same structure with a
threshold current of 530mA [6]. The most recent results including our own for
InGaAs/InP MQW 1.55 um devices , which together represent the current world
state-of-the art, are given in Table 2 ., From the data in Table 2 it is clear
that QW device characteristics which offer a distinct margin of improvement over
DH laser characteristics have now been achieved by several laboratories.
Additionally, there is good reason to anticipate further improvements with the
advent of more advanced structures such as the GRIN-SCH structure in the
GaAllnAs/InP system,

Materials system Growth technique | Device type

InGaAs/InP Hydride-VPE SQW, MQW ,MMQW
LPE,MBE, MOCYVD*

(GaAl)InAs/InP MBE,MOCVD* MWQ,MMWQ

GaSb/(GaA1)Sb MBE MQW , MMQW

*Plessey Caswell

TABLE 1 Summary of 1.3-1.55um state-of-the-art QW Laser Research




Ref. Growth Structure Jth (A.cm=2) Ith(mA) To (k)
Technique

(7] CBE MQW 1500-2100 - 65-80

(8] MOVPE MMQW-DCPBH - 35(Pulsed) 120*

(9] AP-MOVPE MMQW-SIPBH - 20(CW) 54

Plessey | LP-MOVPE MQW /BR 2900 60(CW) 69

(Broad Area)

*Cavity length 650 um,

TABLE 2

InGaAs/InP QW laser device results

2. MATERIALS

2.1. Introduction

During the first year of the program, basic materials growth experiments were
carried out in order to develop the necessary capability for the growth of

quantum well lasers by Atmospheric Pressure MOVPE (AP-MOVPE),

In the latter part

of the program, this technology was transferred to a Low Pressure MOVPE
(LP-MOVPE) reactor which demonstrated superior materials and interface qualities

with respect to structures prepared by AP-MOVPE,

We report below on these

experiments; the section headings can be broadly related to the milestones
defined at the start of the program.




2.2. MOVPE Growth of P-N Junctions in InP

Initial work was aimed at establishing the capability for the growth of p- and
n-type InP and InGaAs of calibrated carrier concentrations, together with the
growth of well defined and accurately positioned p-n junctions.

Preliminary studies of p-type InP using dimethylzinc diluted in hydrogen as the
p-type dopant source were carried out by AP-MOVPE, Observation of stained
cross-section samples (using optical microscopy with Nomarski interference
contrast) of p-doped InP epitaxial layers grown on Fe-doped semi-insulating
substrates, showed a contrast change below the substrate/layer interface.This
indicated that In diffusion into a lower undoped layer could be occurring which
was confirmed by elemental Zinc profiles obtained from depth profiling SIMS
analysis (Fig.1).

By correlating SIMS data and Hall analysis, conditions were determined for

the growth of high quality and abrupt p-doped InP of known carrier
concentration. In this way p-doped InP over the range mid 1017 cm~3 to

2.1018 cm=3 could be grown, with carrier concentrations extended up to 10!9 ¢m-3
for p++ InGaAs contact layers.

An equivalent exercise for the growth of n-type InP using both

H2Se and H2$ (diluted in hydrogen) as the dopant sources revealed that
diffusion of these dopants was not a problem. Conditions were found for n-type
InP at 2.10!8 cm=3 | suitable for the lower InP guide layer in a laser structure.

2.3. Preparation of InGaAs/InP Double Heterostructure and First Pass MQW
Laser Source Material by AP-MOVPE

In order to assess the quality of MOVPE grown material for quantum well




lasers, a number of simple double heterostructure laser source wafers were grown
with an In0.53Ga0.47As active layer (lattice matched to InP) of nominal thickness
15008. Earlier assessment of thick InGaAs single epitaxial layers rad
demonstrated highly crystalline itaterial suitable for the active layer of a
laser. Doping levels in the guide layers were determined by SIMS

(Zn=8.1017¢cm=3; S=2.1018 cm=3) and found to be abrupt as previously described.

Lasing action from these wafers, (described in section 3) was sufficiently
encouraging to commence the growth of first pass MQW lasers.

Materials structures containing 8 InGaAs wells clad in InP were prepared.The
thickness of wells and InP barriers were nominally 1102 and 1004

respectively, as calculated from growth rate data.

2.4, MQW Test and Device Structures Grown By AP-MOVPE,

In addition to the first pass MQW laser source wafers described in the previous
section, a series of 5, 8 and 30 period MQW structures were grown and
characterised by transmission electron microscopy (TEM), double crystal X-ray
diffraction (XRD} and photoluminescence (PL).

2.4.1 Device Growth and Assessment of Materials by TEM

Detailed TEM examinations of the first pass MQW laser structure showed the wells
to be of equal thickness. The interfaces appeared coherent, with no stacking
faults or dislocation networks. Interfaces were seen to be abrupt, but whilst
interfaces of InGaAs on InP were planar, those of InP on InGaAs were rippled.
This effect occurred on all MQW wafers. Experiments to investigate methods of
improving the planarity of this interface were designed and carried out.

The effect of pausing growth between the deposition of the InGaAs wells and
the InP barrier layers was studied to examine the significance of the qgroup-v
switching operations. It was thought that inefficient exchange of group-v




precursors on the growing surface of the crystal when switching from AsH3 to PH
could cause this 'rippling' effect, and that paused growth might produce an
improved interface. However, a deterioration in the interface planarity was

3

observed in MQW test and device structures employing this paused growth
technique.

The influence of growth temperature (between 6000C and 7000C) on the planarity of
the wells was also investigated and a small improvement was noted at elevated
temperatures (Tg =7000C). However an intermediate growth temperature of 6500C
was eventually decided upon, because of the lower background carrier
concentrations and improved uniformity achieved in bulk layers of InGaAs and InP
grown at this temperature compared with those grown at higher temperatures(10]. A
cross-sectional TEM micrograph of a InGaAs/InP MQW structure prepared under these
conditions is shown in Figure 2.

Both 8 and 5 well InGaAs/InP lasers were prepared featuring wider, nominally 2002
barriers aimed at improving well uniformity and interface planarity.

Well/barrier thicknesses as found from cleaved caorner edge TEM analysis [11] were
125/18C% and 85/143& for the 8 and 5 well structures respectively. This result
implied some non-uniformity in growth conditions for the two consecutive

growths. Further analysis of wafer OB 684 (8 welis) indicated variable thickness
.active wells of 130-1708., Evidence from the same sample also suggested that
well/barrier interfaces were not improved by the introduction of thicker
barriers.

Additional undoped InP spacer layers 500X thick, adjacent to each side of
the active region, were included in these device structures to investigate

possible effects due to guide layer dopant diffusion (particularly Zinc)

2.4.2 Double Crystal X-Ray Diffraction Studies

Fig.3 shows a fourth order X-ray rocking curve of a 30 period MQW test structure
(08 461), The angular separation of the substrate and epilayer diffraction
maxima (zero order) provide the information about the composition of the ternary
alloy in the wells. In this case the Indium content was 52.5%. This sample
clearly exhibits satellite peaks, which are indicative of highly crystalline

9




material of regular period and sharp interfaces[12]. The period of the "well
plus barrier" thickness is determined from the angular separation of the
satellites/12] and was found to be 309+ 10A& for 0B461.

In the case of the 8 well structures, neither the zero order maxima from the
InGaAs layers nor the quantum well satellite peaks could be observed. It was
concluded that because of the relatively small volume of material and the small
number of periods, the diffraction signals were extremely weak, and that the
technique could not provide the composition and periodicity information
required. Prior to growing 8 well laser structures, it was therefore found
necessary to grow a 30 period test structure in order to characterise growth
rates (from the satellite peak separation) and material quality from the XRD
rocking curves.

2.4.3 Photoluminescence and Absorption Spectra

Room temperature PL was used to investigate the optical properties of 30 period
MOW structures and the spectra for 2 such wafers are shown in figure 4. High
resolution TEM on sample 0B461 showed wells of thickness 140 + 5&. The
composition of material in the wells was calculated from XRD to be
In0.5256a0.475As. Bulk InGaAs of this composition is expected to exhibit a
bandgap of 0.735 eV (A=1,687um) if it is unconfined [13]. However, the PL peak
at 1.58um in 0B461 corresponds to a shift in energy of 50 meV due to quantum

conf inement,

In the case of 0B440, bulk material of the same composition as that used in the
wells (In0.5865a00414As) had a bandgap of 0.705eV (A=1.759um). The PL peak in
08440 occurs at 1.66 um i,e. a shift of 44 meVv,

The second important feature of the PL spectra is the l1inewidth. In fig.4 values
of 75 nm and 112 nm were observed, which are considerably lower than those
observed for LPE GalnAsP layers emitting at the same wavelength (typically
130-150 nm for 1.5um GalnAsP)

10




Low temperature PL (T=5K) of 30 period structures have yielded exciton linewidths
as low as 5.5 meV. This narrow linewidth implies that the composition of the

" InGaAs within each well and from well to well is very homogeneous. This also

confirms the evidence from satellite peaks observed in double crystal XRD that

the periodicity of the structure is extremely regular with abrupt interfaces.

2.5. Growth of MQW Material by LP-MOVPE

During the course of the program, a second MOVPE apparatus was commissioned for
the growth of InP based materials at reduced pressure (nominally 200 mbar). Work
on other programs had developed similar capabilities on this reactor to those
achieved by AP-MOVPE. [InP doping calibrations for n- and p-type guide layer
carrier concentrations of n=1.1018 cm~3 and p=7.1017 cm~3 were employed, using
H,S and dimethylzin¢ respectively as the dopant sources. Growth conditions which
had been established for lattice matched InGaAs epitaxial layers with double
crystal XRD FWHM as low as 19 arc secs were also used.(The crystallinity of this
alloy prepared by LP-MOVPE is superior to that achieved by using the AP-MOVPE
reactor which regularly produces material of FWHM ca.40 arc secs.)

In order to characterise quantum well structures grown in the low pressure
reactor, a 30 period MQW test structure with nominally 100& InGaAs wells and

3508 InP barriers was grown (0E 61)., Conventional cross-sectional TEM
investigation of this structure gave well and barrier thicknesses of 954 and 350%
respectively which were uniform throughout the structure. In particular, the
planarity of the InGaAs/InP interfaces was equal to that of the InP/InGaAs
interfaces, which was not the case for material prepared by AP-MOVPE,

The fourth order rocking curve for this structure is shown in Fig.5. Very
intense, sharp satellite peaks are observed to the third order, indicating the
highly periodic nature of the structure with abrupt interfaces. The 'well plus
barrier' period is calculated to be 4254 from the angular separation of the
higher order diffraction peaks (c.f. 445X by TEM-see section 2.6).

Low temperature PL investigation of OE 61 produced linewidths as low as
5.0 meY, Initial characterisatfon suggested a more well defined 2-0 structure in
the absorption spectra for material grown at atmospheric pressure compared

11




to equivalent material grown at low pressure (Figs.6 and 7). However, subsequent
spectra from OE61 (30 MQW structure) resolved the n=1 light hole (Fig.8), which
had not previously been resolved in similar material grown at atmospheric
pressure.

It was concluded from these characterisation techniques that the

crystallinity, periodicity and interface planarity of MQW structures

prepared by LP-MOVPE were superior to those of similar structures grown by
AP-MOVPE, The reproducibility of material from the low pressure reactor was also
considered to be an improvement over AP-MOVPE, once the material uniformity had
been studied (section 2.6).

2.6. Growth of Laser Structures by LP-MOVPE

Subsequent to wafer OE 61, a DH (InGaAs active layer) and a MQW laser structure
were prepared. These wafers were mismatched by +0.16% and +0.2% respectively
with respect to the InP substrate. This mismatch was considerably worse than
that measured for OFE 61 (0.015%) and was attributed to an instability of source
temperature control. Repeat growths produced material within mismatch
specification at +0.031% for the MQW laser and -0.031% for the DH laser. Room
temperature DH lasing threshold current densities of ~3.5 kA.cm™2 indicated the
suitability of the material for MQW lasers.

8 well MQW InGaAs/InP laser wafers with thinner barriers were grown. Prior to
preparing these wafers, a 30 period MOW test structure was grown with nominally
1002 thick wells and 4002 thick barriers. The thickness uniformity in the
reactor cell was assessed by double crystal XRD, and the 'well plus barrier'
period calculated. As shown in Fig.9, the period varied between 4802 and 5504,
with the thicker material being 'upstream' of the gas flow in the reactor. This
result was consistent with bulk growth rate tria1s‘which indicated thickness
variations of +5% for InGaAs and +10% for InP over the same 2" length of the
reactor (Tg=6500C).

Two laser structures were grown with nominal InP barrier thicknesses 50& (0F 240)
and 308 (OE 241). Well thicknesses were nominally 1104 for both wafers. C(leaved
corner edge TEM near the centre of each wafer gave measured well/barrier
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thicknesses as 115/54& and 100/26& respectively. Thicknesses in other areas of
the wafer can be deduced from the uniformity study. Double crystal XRD of the
InGaAs cap layer indicated the mismatch to be less than 0.01% for both wafers.

2.7. Transverse Injection MQW Lasers

Transverse injection laser source wafers were grown to investigate possible
improvements in carrier uniformity across multi-well structures. 8 well
InGaAs/InP wafers were prepared by LP-MOVPE. In addition, a single DH transverse
injection source wafer and a MQW laser of nominal well/barrier thicknesses
119/1508, were grown by AP-MOVPE, Cleaved corner edge TEM measurements gave
thicknesses of 75/1502 with some variability in evidence for the barriers.

Wafers grown by LP-MOVPE featured nominally 110& thick wells. The first wafer
(OE 242) contained nominally 125& thick barriers. In the second wafer the
barriers consisted of: 50& undoped InP; 504 p-InP (p=7.1017 cm~3); SOA undoped
InP. Both structures were shown to be lattice matched to within #0.05%, with
measured well/barrier thicknesses near the centre of each wafer of 103/1192 and
109/1832 respectively.

2.8. Growth and Characterisation of GaAllnAs

The use of a combination of InP and/or AlInAs outer guide layers with different
GaAllnAs quaternary alloys for active, barrier and inner guide layers represents
the favoured approach to achieving M-MQW and GRIN-SCH MQW lasers.

Preliminary studies of GaAllnAs lattice matched to InP were attempted by
AP-MOVPE. However the ability to grow highly crystalline AllnAs (double crystal
XRD FWHM of ca. 20 arc secs) lattice matched to InP by LP-MOVPE resulted in the
majority of quaternary work being investigated by growth at low pressure. This

. study has been supported by materials research carried out on other paralle)
programs,

Aluminium containing compounds have a higher lattice energy than those

13




containing Gallium and Indium. As a consequence, a higher growth temperature
(Tg=6809C to 7109C) is required for GaAllnAs than for InGaAs (Tg¢=6500C) to
achieve good crystallinity and surface morphology. In order to prepare device
structures at a constant temperature and avoid the need to pause growth whilst
the substrate temperature is changed, a growth temperature of 6800C was
determined to be compatible for the successful deposition of layers both with and
without Aluminium,

Lattice matching of GaAlInAs to InP was regularly achieved to less than 0.1% as
characterised by double crystal XRD e.g. fig.10 (pa/a = -0.086% and +0.03%). The
material was highly crystalline with XRD FWHM as low as 22 arc secs.

Fourier Transform Infra-Red Spectroscopy (FTIR) studies of GaAllnAs revealed
abrupt band-edge cut-off (Fig. 11); low temperature PL linewidtns as low as
5.2meV were attained. These results are comparable with the best reported by any
growth technique.

A wide range of quaternary compositions lattice matched to InP are required for
preparing M-MQW and GRIN-SCH laser structures. Fig. 12 illustrates the range
achieved to date. B8andgap energy (determined by FTIR cut-off) is plotted as a
function of Aluminium content (determined by electron probe microanalysis). Qur
results f14] broadly follow the trends reported by other laboratories for MBE
material (15, 161, as indicated in the graph.

In order to assess the quality of our GaAlInAs and its suitability for inclusion
in the active region of a MQW laser, a simple DH laser source wafer with a
quaternary active layer was prepared (OE 280). The wafer consisted of p- and
n-type InP guide layers (as previously described), a nominally undoped 15004
thick active layer, and a 1500A thick p-InGaAs contact layer (p=101% cm=3).The
active layer composition was determined from a thick single epitaxial layer
grown immediately before the laser wafer. An abrupt FTIR band-gap cut-off of
A=1280 nm was measured. XRD of the laser structure showed a mismatch of -0.07%.
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2.9. InGaAs/AllnAs MQW Structures

The use of A10.481n0.52As (lattice matched to InP) was investigated as an
alternative to InP for both guide and barrier layers. The advantages of AllnAs
(which has a larger band-gap than InP) include improved current confinement at
the active-guide hetero-interface, and the relaxation of the required well width
for a given device emission wavelength (due to the increased energy shift).

An initial study of AlInAs was made by AP-MOVPE. A structure with variable
InGaAs well widths (5 wells between S50A and 200A thick), with 2000& thick AllnAs
barriers was compared with a similar structure utilising InP barriers., PL spectra
plotted at 5K showed that improvements in linewidth and intensity had been
obtained by using AllnAs. TEM investigations showed that AllnAs/InGaAs and
InGaAs/AlInAs interfaces were of equal planarity, whereas the use of InP produced
'rippled' interfaces by AP-MOVPE as previously described. This improvement had
been achieved by eliminating the requirement for switching the different group V
elements, As and P, at the well/barrier interfaces. 8 well MQW lasers containing
AlInAs barriers (08385 and 0B387) and a DH laser with AllnAs guide layers grown
by AP-MOVPE, demonstrated higher than expected turn-on voltages (>6V) and
residual resistive characteristics (30-50Q). This is possibly the result of
residual oxygen contamination within the AllnAs layers in the atmospheric
pressure system,

Development of AllnAs was subsequently continued by LP-MOVPE, which had
demonstrated substantially superior material to that produced by AP-MOVPE (as
indicated by XRD FWHM of single epitaxial layers). Ooping levels were calibrated
using H,S and DMZ as the n- and p-type dopant sources respectively. A DH laser
wafer (0E€360) with a nominally 1500A thick InGaAs active layer was grown, lum
thick n-type (ca.1018 cm=3) and 1.5um thick p-type (ca.2.1018 c¢m=3) AllnAs guides
were used. A lattice mismatch of 0.01% was determined from XRD assessment of the
wafer,
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3. PREPARATION AND CHARACTERISATION OF DH AND MQW LASERS

Detailed results for lasers prepared and characterised during the first twelve
months of the program were previously given in the interim report covering the
perfiod September 1985 to September 1986. For completeness, some of those results
are also reproduced below.

3.1 Preparation of MOVPE InGaAs/InP DH Lasers

In order to test the electrical and optical properties of the MOVPE source
material, first pass laser diodes were prepared with simple oxide isolated
structures as shown in Figure 13. Oxide isolated laser chips, 250um long and
300um wide were prepared. Devices featured either 10um or 100um wide electrically
active regions which were arranged by photoengraving and etching windows in the
oxide isolation layer deposited prior to depositing the TiZnAu p-metallisation on
top of the p+InGaAs cap. Wafers were thinned to 65um and then an n-metal contact
of InGeAu was evaporated and defined with a bare 100um wide window positioned
directly over the active pumped stripe. This allows for the assessment of
materfal uniformity by observing the spontaneous emission emitted from the active
stripe during electrical excitation. Also, the window allows access for
assessing the DH and MQW lasers under optical excitation.

After preliminary assessment for current/voltage and light/current
characteristics, selected devices were bonded p-side down onto gold plated
submounts to enable more detailed characterisation to be carried out. Such
lasers, featuring bulk InGaAs active layers were successfully prepared:
initially from material grown by AP and then subsequently LP MOVPE. Minimum
threshold current densities for material grown by AP MOVPE were 3.6kA.cm~2 at
room temperature for broad area 100um wide, 250um long devices. Typical lasing
characteristice are given in Figure 14. Observed T, values were in the region of
50-60 K over the temperature range 200-3009C. Minimum room temperature threshold
current densities achieved for device material grown by LP MOVPE were similar at
3.5kA.cm™2,
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3.2 Preparation and Characterisation of Advanced Index Guided DH InGaAs Lasers

Two types of index guided DH lasers featuring additional current and optical
confinement layers were fabricated during the period. Both types were of a
double channel planar buried heterostructure (DCPBH) design, the first
implemented using LPE infill, and the second by high purity VPE, Threshold
currents achieved for particular slices were 70mA and 30mA respectively with
efficiencies up to 30% per facet which is indicative of good quality source
material. Structures and light current characteristics are given in Figures 15
and 16. The VPE infill structure offers a simpler fabrication process and an
increase in frequency response due to its inherently lower capacitance.

Wavelengths for both gain and index guided InGaAs lasers were measured. Results
showed wavelengths ranging from 1.58-1.65um, which was due to slight lattice
mismatch in some slices. However, these structures demonstrated that the MOVPE
growth capability had advanced sufficiently to enable first pass quantum well
devices, designed within the existing laser modelling program to be prepared.

3.3 Preparation and Characterisation of Broad Area InGaAs/InP MQW Lasers

3.3.1 Introduction

During the term of the quantum well laser research program, a wide range of
alternative designs and structures for achieving low threshold, room
temperature long wavelength MQW lasing action were investigated. Source wafers
were grown initially by AP and then by LP MOVPE which as described in section 2
proved to pr duce superior quality quantum well layers. ODifferent broad area
devices prepared included oxide isolated lasers with both conventionally doped
InP guides (Figure 17) and those with the outer gquide layers close to each side
of the active region (~5004) left intentionally undoped in order to test for
reduced 1VBA loss, by reducing potential dopant diffusion from the guides into
the active region,
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As our theoretical model matured and further device characteristics, both by
electrical and optical pumping, were obtained, it became clear that the main
cause for first pass devices not achieving 1low threshold, room temperature
operation in multi-well lasers was that of non uniform carrier pumping across
the wells. Hence oxide isolated and buried ridge (BR) InGaAs/InP MQW lasers
with reduced barrier thicknesses, and novel Transverse Injection BR lasers,
both aimed at achieving more uniform carrier pumping across the wells were
investigated. At this stage, due to its inherently better uniformity, source
material was grown exclusively by LP MOVPE, However, AP MOVPE was used for the
ridge overgrowth where relevant (sections 3.4 and 3.5)

3.3.2 Characterisation of Broad Area "thick barrier"(>1008) InGaAs/InP MQW Lasers
under Electrical Injection

Lasing action was achieved for first pass oxide isolated AP MOVPE 8-wel] MQW
devices under pulsed current drive conditions at reduced temperatqres. Nominal
well and barrier widths were 110 and 100& respectively. Generally, pulse lengths
of 50-150ns were employed with duty cycles ranging from 0.01 to 1%. Maximum
operating temperatures were found to be ~240K at which the pulsed threshold
current density was ~15kA.cm™2 reducing to 4kA.cm~2 at 80K (Figure 18), To
values were found to be between 65 and 90K for temperatures <220K reducing to
35K for temperatures >220K (figure 19). Corresponding emission wavelengths as
measured in the range of 169~210K were 1,59um. The lasing spectrum of MQW device
0B296#11 (AP MOVPE) taken at 159K under pulsed drive (1.2A, 10%duty cycle) is
given in figure 20. This wavelength was somewhat longer than expected and was
attributed to slight lattice mismatch together with some variation in the quantum
well width across the slice.

Subsequently, similar 8-well oxide isolated lasers were prepared by LP MOVPE.

The light/current characteristics for second pass lattice matched LP MOVPE MQW
lasers are shown in figure 21, Lasing action was achieved at temperatures up to
230K at which the threshold current density for the 100um wide, 375um long device
shown was 3.2kA.cm~2 thus confirming the improved quality of LP MOVPE MQW source
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layers compared to those grown by AP MOVPE, Plots of the threshold current versus
temperature for a range of MQW and DH devices grown by LP MOVPE are shown in
figure 22. A broad range of T0 values were obtained over the temperature range
150-250K being 43 and 59K for the two MQW laser characteristics and 63 and 106K
for the DH devices.

3.3.3 Investigation of MQW and DH Lasers by Optical Pumping

To test the hypothesis that non-uniform carrier pumping across the wells was a
major contributor to the high threshold currents observed (section 4), and in
order to pump the wells more uniformly, typical MQW (and DH) lasers were
investigated under optical pumping at room temperature. As shown in figure 23,
1ight from a Q-switched 1.06um Nd-YAG laser was focussed through the n-contact
window of the semiconductor laser under test. Optically pumped, the light
emitted from the laser facet was collected through a microscope objective and
directed into a grating spectrometer/detector. Conventional 1.55um wavelength
GalnAsP active DH and InGaAs/InP MOW Tasers with 5 to 30 wells were

investigated in this manner. The general form of the input and output laser
characteristics are shown in figure 24, Typical 1ight output versus input optical
pump intensity plots for 8-well AP and LP MOVPE InGaAs/InP MQW devices and a
conventional 1.55um GalnAsP DH laser are shown in figures 25-27 . Similarly, a
plot showing the room temperature optically pumped lasing spectrum of a S-well
(858 wide wells) device, showing a peak emission at 1.471um is presented in
figure 28. Details of first pass quantitative results for DH and InGaAs/InP MQW
lasers with 5 to 30 wells are given in table 3. As discussed previously 19]

by assuming an absorption coefficient of 3.5.10% cm~1, Iiy optical may be

inferred from J,  opt. = P.exp.(-ad)/E

t

Here P {is the incident optical power density, d the total active layer
thickness and E the incident photon energy.
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Device No.of Wells| Total active | Fraction of |Optical lasing| Inferred
No. thickness laser pulse threshold threshold
absorbed power density | current
density
08482B#38 30 Nominally 73% 3.0kW.cm=2 | 1.3kA.cm-2
33004
08296#19 8 Nominally 30% 16 .0kW.cm=2 | 2,9kA.cm-2
8804
08685#30 5 440A(TEM) 17% 31,7kW.cm=2 | 3.2kA.cm-2
0€£132#49 8 1024&(TEM) 35% 4.0kW.cm=2 | 840A.cm-2
G110#9 1.55um DH Nominally 46% 4,0kW.cm=2 | 1.kA.cm=2
grown by 15002
LPE

Absorption coefficient « = 3.5x10%cm~1!

TABLE 3: Threshold current densities under optical injection for

a range of MQW and DH lasers

As shown, room temperature lasing action was achieved for devices under optical
excitation over the whole range investigated with minimum inferred threshold
current densities for the more optimised 8-well structures of 840A.cm-2. This
contrasts strongly with the results obtained for MQW lasers under electrical
injection as given in section 3.3.2 (best threshold current densities for 8-well
MOW lasers of 3.2kA.cm~2 at 240K and no lasing action observed for 30 well
structures up to 10kA.cm™2). Hence these experimental investigations gave strong
confirmation of our modelling studies regarding the potential effects of

non-uniform carrier pumping.

A series of source growths was therefore initiated

for 8-well InGaAs/InP MQW lasers featuring the same, nominally 110& wells for
1.55um operation but with thinner, nominally 50 and 30A barriers (compared to
previous standard 100 [nP barriers).
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3.3.4 Additional Studies of Non Uniform Carrier Capture

Parallel studies of carrier equilibriation across MQW structures have also been
carried out at Oxford University in conjunction with Plessey Research Caswell on
material provided on other programs. At Oxford, optical time of flight
techniques with picosecond resolution have been used to study time resolved
photoluminescence. In these experiments, a frequency-doubled mode-locked Nd:YAG
laser is used to syncronously pump an R6G dye laser at 607nm, Part of the laser
beam is used to excite luminescence from the sample, and part taken via a
variable time delay line and focussed colinearity with the luminescence into a
Lil0, crystal. The sum frequency of the laser and PL is, therefore, only
generated when the delayed laser pulse arrives at the crystal. Hence, by varying
the delay time, the intensity of luminescence as a function of time can be
recorded [ 171, It has been found that carrier capture efficiencies for quantum
wells increase from ~20% at 4K to ~80% at 200K largely as a result of the
reduction in mean carrier velocity. A capture time ~4ps is observed over a wide
temperature range which sugests that in a MQW structure the majority of the
carriers may be captured within the first few wells at normal operating
temperatures and hence would not uniformly pump a multi-well structure.

One difference in the above experiment as compared to a laser operation is that
optically excited carriers, created at the surface of the material under test

due to the high energy laser pulse, reach the wells by ambipolar d:ffusion., This
is in contrast to the laser situation where electrons and holes are injected from
opposite sides of the active wells. Broadly speaking the exrcriment measures the
capture efficiency of the slower species, i.e. the holes. Furthermore, the
capture efficiency will be well width dependent in a non-trivial way as a result
of resonances in the LO-phonon emission rate as a function of well width [18,19].

From the above experiments and our own observations, very efficient capture is
indicated such that preferential hole capture must occur. A theoretical model
has been developed to describe these effects and this is discussed in

section 4,4 below.
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3.3.5 Characterisation of Broad Area "thin barrier" (<10CA) 1nGaAs/InP
MOW Lasers under Electrical and Optical Injection

Following the confirmation of our modelling studies concerning non uniform
carrier pumping across multi-well systems, additional two source wafers were
prepared featuring nominally 110A InGaAs wells but different thickness, nominally
55 and 30%, InP barriers. Results obtained for nominally 100, 55 and 30A berrier
oxide isolated MQW lasers under electrical and optical pumping are summarised in
table 4, which includes barrier thicknesses for each wafer as found by subsequent
TEM studies.

BARRIER OPTICAL PUMP THRESHOLD CURRENT DENSITY
THICKNESS INTENSITY (Amps.cm™?)
(2)
(Cleaved corner| (kW.cm=2) INFERRED OPTICAL ELECTRICAL
Edge TEM) Jth(Opt) at 200C Jth(ETec)
100 4 1100 3500 at -400C
54 3 820 8000 at -120¢C
26 3.3 700 3200 at +200C

TABLE 4 Threshold current densities under optical and electrical injection
for 8-well InGaAs/InP MQW lasers: nominally 110A wells, variable
thickness barriers
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As can be seen, a clear trend towards reduced lasing thresholds and higher
temperature operation under electrical injection is evident for devices featuring
thinner barriers. In contrast, no significant difference, within experimental
error was found for the inferred optically pumped threshold current densities.
However, it may be noted that the 700&.cm~2 threshold current density inferred
for the 252 barrier device represents a demonstration of the lowest threshold yet
reported for 1.55um MQW laser operation under optical excitation,

As shown in table 4 and figure 29, electrically pumped room and elevated
temperature lasing of devices with 25X barriers was achieved. Electrically
pumped lasing characteristics for one such device, measured over the temperature
range of -50 to +50%C are shown in the figure. The room temperature lasing
threshold corresponds to a threshold current density Jth of 3.2kA.cm~2. The above
values are lower than the best threshold current density, 3.5kA.cm-2, observed
for InGaAs OH devices previously prepared on this program and grown on the same
LP MOVPE apparatus.

A plot of the electrically pumped threshold currents of the same MQW device
versus temperature, shown in figure 30, gives T, to be 69K across the whole
temperature range which is higher than T  values observed for more conventional
long wavelength DH devices. The peak emission wavelength was found to be 1.544um
as shown in figure 31 which is consistent with our theoretical modelling
studies, hence confirming the 2-D nature of the Quantum Well system.

Investigations into the performance of nominally 50X thick InP barrier devices
showed no lasing action for drive currents up to 10kA.cm~2, However, devices did
exhibit lasing action at reduced temperatures of ~ -100C (higher than that for
1004 barrier devices) at which the threshold current densities were -8kA.cm"2,
The above results therefore represent confirmation of our previous experimental
and theoretical studies which suggested preferential hole capture to be partly
responsible for the excessive threshold currents observed for previous devices

23




with thicker, 100& barriers. As a reminder, previous best devices with 1002
barriers showed highest operating temperatures of ~ -409C with lasing threshold
current densities of 3.5kA.cm-2 at this temperature. Above this temperature
lasing efficiency decreased rapidly, such that a threshold could not be
observed,

3.4 Preparation of Transverse Injection MQW and DH Lasers.

As given in section 2.7, source slices suitable for preparing transverse MQW (and
DH control) devices, aimed at providing an alternative means to employing thinner
barriers for improving the injected carrier uniformity across multi well
structures, were also grown by AP- and LP-MOVPE., Although good 2-D lasing
characteristics were obtained by employing thinner barriers, as discussed above,
due to the nature of the structure, employing progressively thinner barriers will
ultimately degrade the Quantum Well laser performance. Hence the transverse
injection laser design, employing thicker >1002 barriers, offers the potential of
achieving lasing action in MQW devices without in any way compromising the 2-D
nature of the structure. To investigate potential device benefits offered, a
slice each of MQW and DH laser source material grown by AP-MOVPE, were processed
into transverse stripe injection devices as illustrated in fig.32.

Current/voltage characteristics for both DH and MQW transverse injection lasers
showed some varjability with diode switch-on voltages of ~0.4 to 0.9V,
Preliminary jnvestigations on bonded devices showed a low yield of room
temperature, CW lasing InGaAs DH lasers with minimum thresholds of 30mA at 200C,
The peak wavelengths for two devices tested were ~ 1.64 and 1.65um respectively.
No lasing action was observed for the MQW devices at room temperature. Lasers
from both wafers tended to show evidence of additional InP emission along the
active stripe, as viewed through the n-contact window, suggesting excessive
current Teakage through the parallel InP blocking layers due to insufficient
conductivity through the DH active layer and MQW barriers and wells. Improved
second pass MOW designs featuring spiked doped barrier layers aimed at improving
the transverse injection were planned though due to the timescale and success of
the thinner barrier structures, no further devices were processed.
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3.5 Preparation and Characterisation of CW Buried Ridge Waveguide [nGaAs/InP
MQW Lasers

Following the successful preparation of room temperature lasing 'thinner barrier’
InGaAs/InP MQW oxide stripe lasers, index guided Buried Ridge structures were
prepared using the same 8-well active layer with 100A wells and 254 barriers. A
schematic of the structure is shown in figure 33. Active mesa ridges, 1.5-2um
wide were defined and etched using standard photographic resist and wet etch
techniques and the wafer subsequently overgrown by Atmospheric Pressure MOVPE.
variable length lasers were then processed and cleaved and scribed to size. Room
temperature cw lasing was achieved with threshold currents as low as 60mA and
efficiencies as high as 30% per facet implying high internal efficiency and low
cavity loss. Typical light current characteristics are shown in figure 34, To our
knowledge, no report prior to this has yet been given in the literature regarding
room temperature cw operation of InGaAs/InP MQW lasers. The peak emission
wavelength as shown in figures 35, and 36 was 1.53um, consistent with that
expected for 1002 InGaAs wells,

Figure 37 shows the buried ridge MQW lasers to have in general good far field
emission characteristics in the plane of the active region with FWHM of ~200.
Some devices showed evidence of multimoded far fields which was attributed to
too wide an active region, later confirmed by SEM studies, an artifact of too
thick a p-InP guide layer on these first pass devices.

Selected lasers of the above design were bonded onto submounts and into a full
module for final deliverables. The characteristics for these devices, delivered
to 000, RADC, Hanscom, March 1988, are given in Appendix 1. The coupling
efficiency for an MQW buried ridge laser into 50um core fibre is shown in
figure 38.

3.6 InGaAs/InP MQW Laser High Frequency Response Characteristics,

In addition to lower lasing thresholds, increased T° 2nd material independent
wavelength tuning, a further predicted advantage of 2-D Quantum Well Lasers is
that of higher frequency response over conventional DH lasers due to an
increased gain slope. Hence, the resonant frequency of a number of 8-well cw
InGaAs/InP MQW devices were investigated over a range of cw drive currents. A
typical series of small signal (Modulated Power Output)2 vs Frequency plots is
shown in figure 39. The same data is replotted as (Resonance Frequency)? vs
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Orive Current in figure 40. Resonance frequencies in excess of 4GHz were
observed for the 500um long devices. As shown, some roll-off of the resonance
frequency is observed for frequencies in excess of 4GHzZ which fs due to the
effect of chip parasitics in this structure, Initial comparison of these results
with those of our 1.55um DH DFB lasers suggests an increase in gain slope by a
factor of between 1.5 to 2 in favour of the MQW devices. The effect 1s somewhat
masked in current devices due to the limiting operating range above threshold and
the relatively large parasitic capacitance of the BR device. The variable factor
observed may in part be due to the variability in gain slope found for DFB lasers
which depends on the matching of the grating wavelength with the spontaneous
emission spectrum of each device. Hence further comparative work with DH devices
of the same type is required to fully assess any improvements gained.

A plot of the large signal high frequency response for a second device showing a
good high data rate performance at 2Gbit/s is shown on figure 41,

3.7 Characterisation of GaAllnAs Active DH Oxide Stripe Lasers

As described in section 2.8, a single source wafer suitable for preparing oxide
isolated GaAllnAs active layer DH lasers aimed at 1.3um wavelength operation was
grown during the program, Oxide stripe lasers with 10 and 100 um wide active
stripes were then successfully prepared (for the first time using GaAlInAs grown
by MOVPE) and devices characterised. Room temperature pulsed lasing action has
been achieved for these devices with minimum threshold currents of 340mA for a 10
x 250um? stripe device. The lowest threshold current density Jth’ observed for a
100 x 250um? device was 4.8kA.cm~2, Typically, Jyp values were 6.4kA.cm™2,

Light current characteristics as a function of temperature for a 10um wide stripe
device are presented in figure 42. Here, the total output power is an over-
estimate of the front facet emission by ~ 25% due to reflections directed from
the rear of the package, coupled with the use of a large area detector. As shown
in figure 43 a T, value of 85-96K is inferred which may be compared with
approximately 65K expected for 1.3um wavelength lasers with

GalnAsP active layers. The lasing spectrum shown in figure 44 shows the peak
emission to be ~ 1.24um which is in close agreement with the photoluminescence
and FTIR characteristics reported in the 8th quarterly report for first pass
lattice matched single layer materfals. Further device results for additional
delivered devices are presented in Appendix 1.
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4, DESIGN AND MODELLING STUDIES

4.1 Introduction

Here an overview of the contributions made by the modelling and design work
during the course of this program is given. This falls into three main areas of
activity which have already been discussed at some length in the quarterly
reports as indicated below :

(1) Device design and optimisation [20,21,22]
(2) Modelling of carrier collection effects in MQW structures [21,23]
(3) Analysis of spontaneous emission spectra [23]

A detailed technical discussion of the first two items above is to be found
separately in the final Modelling and Design report, so that here the main
results of the work are reviewed without discussing details of the models
involved. The development of the computer models for QW lasers described

below has been carried out as part of other supporting programs of work,
Particular to this program has been the utilisation of this background both to
support device design and optimisation studies, and in the interpretation of the
experimental results.

4.2 Quantum Well Laser Model

For completeness a flow diagram of the computer program structure is given in
Figure 45, This necessarily presents a simplified view but it indicates main
input data : the layer structure adopted, temperature T , broadening energy

AE and loss rates (aL), and the device parameters simulated : Threshold current
(Jth), T, Parameter , 1inewidth enhancement factor (a) and gainslope (dg/dn).
A separate solution of the scalar wave equation yields the optical overlap

(r) with the electrically active quantum wells for a given layer structure, The
present calculation of the spontaneous and stimulated emission rates adopts a
1ifet ime broadened k-selection model. In addition, optical matrix elements which
take into account the different selectfon rules for transitions involving light
or heavy holes for TE or TM modes in a 20 system are also included [24]. In these
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respects the model is similar to that of Asada et al [25]. Unless special steps
are taken to select the TM mode, a quantum well laser, as a 30 double
heterostructure laser, will naturally adopt the TE mode since this mode has the
highest net gain, and the calculations described below are restricted to the TE
case, The temperature sensitivity To of a laser for 1.3-1.55um operation is
largely determined by the Intervalence Band Absorption (IVBA) and Auger
recombination processes, and this point is discussed in detail below. The exact
balance of emphasis uctween the two processes remains a matter of some debate in
the literature, as it did at the outset of this program. The most recent
publications in this field [26,27] suggest that these processes have only a weak
well width dependence over the range of interest here and that the rate
constants are close to the values found in the bulk. Here the transition rate
constants are assumed independent of well width and treated as additional
parameters within the device simulation, The predicted device performance has
then been investigated as a function of these parameters.

4,3 Device Design and Optimisation

Predicted threshold currents and temperature sensitivity parameter T0 at 300K
for a 1.55 pm InGaAs/InP MQW laser are given in figures 46,47 and 48 as a
function of the number of wells (N ) in the system for broadening energies in
the range 0-15meV. It is expected both from consideration of the different
m2chanisms contributing to the broadening and from studies of the spontaneous
emission spectra of our devices that AE~10 meV. Parameter values for these
calculations are given in Table 5.

T 300K
B 10-28 cmbsec~!
Auger
a 40 cm-! at p=1.0.10!8 cm-3
[VBA
a 45 cm~! Mirror loss for cleaved facets
mirror
and a cavity length of 250um)
L 1104
2

TABLE 5 Parameters for device simulations of Figures 46 - 48
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These curves clearly show the important effect broadening has in reducing the
peak gain available and so increasing the threshold current density . In Figure
46 the total threshold current is plotted as a function of the number of wells
for an InGaAs/InP MQW structure. 1In Figure 47 just that part of the total
current which is due to spontaneous emission is given. The dominant role played
by Auger recombination in determining the total threshold current is evident from
a comparison of the two. It is also the Auger recombination which dominates the
temperature dependence of Jth (figure 48). These lasers will always be operating
in a regime where Auger recombination is the larger contribution to the current
because of the non-zero band edge density-of-states in a quantum well and the
cubic dependence of the Auger current on carrier density. The additional effect
of IVBA, which depends linearly on the hole concentration, is found to be smaller
in these simulations. In obtaining Figure 48 both the Auger coefficients and the
[VBA loss were assumed to be temperature independent. This is a fair
approximation for the former [28], but more open to gquestion for the latter [29],
so that the values for TO in Figure 48 remain slightly optimistic but indicate
that improvements over the bulk DH laser are to be expected. It is apparent from
Figure 48 that TO optimises for large numbers of wells whereas Jth is optimal
for ~8-wells, This difference arises from the larger gainslope available at the
lower threshold gain required for large Nw, which means that the relative change
in carrier concentration with temperature is smaller, Less obviously, large
broadening energies also lead to slightly larger predicted TO values, but the
total range of the curves in Figure 48 is only ~l10K. The sensitivity of the
predicted T0 to the assumed IVBA loss and Auger coefficients is considered in the
Timit of AE=0 in Figure 49, [t is clear that in these MQW lasers it is the Auger
recombination which dominates the temperature sensitivity, at least for values in
the expected range which is, 5.10729 cmés~! to 1.10°28 ¢m~6s~! [27,30].

The theoretically predicted Jth for the parameters of Table 5, is compared with
those inferred from optical pumping experiments (section 3.3.3) in Figure S0.
The pairs of curves in Figure 50 span the expected range for Auger recombination
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and are given for AE = 0 meV and AE =10 meV, and show a satisfactory agreement
between theory and experiment, More work is required to fully compare results
and fix materials parameters, but the indications from Figure 50 are that both
the broadening and the Auger recombination lie towards the lower end of the
expected range,

Various possibilities exist for altering Jth and T, by altering the cavity
length, facet reflectivity and (assuming a suitable outer confining layer
structure can be grown) the optical confinement factor. By reducing the mirror
loss, the threshold current density can be substantially reduced. This feature
has recently been exploited in the GaAs/GaAlAs system to produce threshold
currents of less than ImA [31]. However , it appears that at long wavelength,
although Jth is improved, there is no improvement in the associated T0 values,
The reason for this is that the Auger recombination current remains dominant for
carrier concentrations down to ~5.1017 cm~3 while the minimum carrier density at
which (positive) gain can be obtained is determined by the band edge density of
states and is ~10!8 cm~3 for well widths ~100&, so the Auger current always
dominates and, as has already been discussed, this severely limits To. Samp le
results for AE= O meV, a reflectivity of 0.8, and a total loss T = 20 cm~! are
given in Figures 51 and 52 where a value of the optical confinement factor
typical of a GaAs/GaAlAs GRIN-SCH structure has been used (r = 4.10°% A~1l) in
anticipation of Tike structures for the InP based system. Under such favourable
conditions threshold current densities similar to those for GaAs QW lasers (with
cleaved facets) are predicted with single well operation. A design specification
for a 1.55um InP:InGaAs MQW-GRIN-SCH structure has been generated (Figure 53).
The undoped graded cladding regions, width 15008 , are to be composed of an
InP:InGaAs effective alloy with period 60A. The barriers within the active region
are also composed of an effective alloy with 50% InP:50% InGaAs composition.

This GRIN-SCH structure allows good optical confinement (about half of that
leading to Figures 51 and §2) for a small number of periods in the active

region, and initially a 3-well structure is proposed. In the longer term
investigation of structures with 2-5 wells would be of interest.
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Consideration has also been given to the design of 1.3um QW lasers in the
(A‘xGal-x)0.48 Ino‘52 As system, Figure 54 gives a relationship between the well
width and Al -content of the active region required to achieve lasing at a given
wavelength on the basis of a simple model. Where a full device simulation is to
be performed these curves would undoubtedly be modified but they indicate the
range of options available in the (Al1Ga)InAs system. Simulations of InGaAs/InP
multiple quantum well lasers (y=0) for 1.3um operation have been performed in the
limit AE=0 (k-selection). As expected, these show higher threshold currents than
their 1.55um counterparts as a result of the larger 20 density-of-states which is
proportional to the inverse well width. A carrier concentration of ~3.10718 cnq-3
is required to satisfy the inversion condition so that the Auger recombination
current is always large. The threshold currents (Figure 55) optimise for 10-15
308 wells in the active region which may lead to additional problems with carrier
redistribution. For these reasons it is anticipated that a 1.3um QW laser in this
material system would use an Aluminium content in the active region of y=5-10%
and well widths in the region of 50-100A.

4.4 Carrier Capture and Equilibriation

The device results plotted in Figure 50 for the inferred threshold current *
density under optical excitation for 8-well and 30-well quantum well laser
structures are comparable in magnitude. Under electrical injection , however,
the B8-well structures display far lower thresholds compared with the 30-well
structures than would be expected after other factors have been taken into
account. The most obvious remaining difference between the two measurements is
that optical pumping leads to the generation of electron-hole pairs directly
within the wells but under electrical injection, electrons and holes are

injected from opposite sides of the active region, Under electrical injection
the distribution of carriers across a multiple well system may not be uniform,

- and will certainly depend upon the efficiency of carrier capture in the wells

for the different carrier types. [t was proposed therefore, that the preferential
capture of holes within the first few wells of the structure could lead to an
increase in the observed threshold currents as a result of a polarisation of the
electron and hole populations, and a suppression of the optical transition rates.
This problem is potentially far more severe in an InGaAs/InP MQW system than for
example in GaAs/GaAlAs , because of the large effective mass of the holes and the

31




large valence band discontinuity (~350meV) which combine to yield very short
decay lengths for the wavefunctions and very low rates for interwell transfer. A
rate equation model has been developed to describe the effects of preferential
capture which has been extensively discussed in [21,23]. A number of sfmplifying
assumptions had to be made in order to make the oroblem tractable, However,
useful quantitative results have emerged which have both confirmed the high
penalty paid in terms of threshold current for structures with large numbers of
wells , and guided our active region specification in such a way as to minimise
the effect, culminating in the successful demonstration of room temperature CW
laser operation in an MQW InGaAs/InP structure (section 3.5).

In order to promote carrier equilibriation between a group of quantum wells the
simplest route is to make the barriers between those wells thinner in order to
enhance tunnelling currents. In the 1imit of course the structure will become
three-dimensional so there will exist some optimal thickness of the barriers for
which carrier tunnelling is sufficiently strong and yet the advantages of
two-dimensional confinement are not lost. Measurements of the capture efficiency
fnto a 502 well have been performed by our collaborators at Oxford University
[17]. The nature of these experiments has already been described in section
3.3.4, The observed time-dependence of the the photoluminescence leads to an
observed capture time of ~4ps into a 502 well which is largely independent of
temperature, For 3 quantum well laser a capture time ~4ps implies an inverse
capture length (ap) in the region of 2.5.106 cm™!, for an injected hole current
in the region of 3000 Amps.cm~2, The calculated relationship between threshold
current and inverse capture length is plotted in Figure 56 for an 8-well system
with an inverse tunnelling time between the wells of T,1078 s~1 If
ap~2.5.105cm‘1, then Fiqure 56 shows that room temperature lasing will be
achieved only if T>20, i.e. a tunnelling time of <0.5 ns. As can be seen from
Figure 57 which relates the calculated tunnelling time to the InP barrier width,
barrier thicknesses in the regfon of 25-30&2 will be required to promote the
necessary heavy hole transfer. At the same time this will lead to an additional
penalty in the form of an ~5 meV broadening due to the interaction of the
electron state between the wells, which will lead to some degradation of the
lasing characteristics via the broadening of the spectral gain.
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Reducing the temperature increases the carrier lifetime, allowing an increase in
the tunnelling time or, egquivalently, an increase in the maximum barrier
thickness allowable to achieve efficient carrier redistribution thus reducing the
value of T for which lasing will be achieved. This trend is evident in our device
results with 1008 , 542 and 262 barrier devices showing progressively higher
temperatures for lasing as shown in Table 4 of 3.3.5. The theoretical curves
qualitatively confirm this trend, but detailed calculations of the temperature
dependence have not been carried out. Within the context of materijal grown on
this program, theory and experiment agree that thin barrijers are a prerequisite
to low threshold lasing in these structures a view which is corroborated by the
published results of Temkin et.al.for AllnAs/InGaAs [5]. However, this cannot be
a complete explanation since although threshold currents reported in the
1iterature for 'thick barrier' devices have often been very high [32-34], in one
case values comparable with DH InGaAs lasers have also been reported [7]. The
value of barrier thickness obtained theoretically here is a lower bound since a
number of potential feedback mechanisms have not been explicitly included. The
assumption of electrical neutrality provides for strong redistribution of the
electrons in the system, but the hole population will additionally be susceptible
to the effects of optical feedback due to reabsorption of the optical mode in the
under pumped wells, and the tunnelling of light holes will further promote
carrier transfer. It is our view that a number of mechanisms combine to produce
the observed device characteristics and it is clear that differential pumping
will degrade device performance if the active layer is not designed to eliminate
this effect.

4.5 Spontaneous Emission Spectra

Measurements of the spontaneous emission spectrum can provide new information
about the active region of a laser under forward bias conditions. In addition

to the usual structural information, which determines the subband energies and
the density of states, the spontaneous emission depends upon the carrier density
induced {in the active region and on the broadening mechanisms introduced by
material fluctuations and many body interactions. Direct estimates of the
Fermi-level separation f.e. the carrier concentrations, and the broadening
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enerqgy may be extracted by fitting the measured spectra, information which cannot
easily be inferred from measurements of the lasing characteristics alone. The
computer model includes broadening by a Lorentz function. It should be noted
that, strictly, only the 1ifetime broadening should be introduced in this way.

If fluctuations in the structural parameters such as the well width are described
by averaging over a Lorentzian distribution then, additionally, weak factors
depending on the well widths and the photon energy arise. In the first instance
it is reasonable to assume that all of the contributions to the broadening may
be lumped into a single effective energy broadening parameter, Lastly, in order
to compare directly with experiment, it is necessary to include an estimate for
the band gap narrowing as a function of carrier concentration. This has recently
been measured for GaAs/GaAlAs QW lasers [35], and here a simple power law fit is
used.The specific case of the layer number OE132 was analysed in some detail in
[23). The .n-window electroluminescence spectra ([22] Figure 10) is reproduced
here in Figure 58. In order to obtain a fit to this data the allowed domains
for n and AE were determined to be : n <1018 c¢m™3 and 10mev < AE < 15meVv. A fit
js given in Figure 58 for the case n= 5.1017 cm™3 and AE = 15meV. [t may be
noted that the threshold carrier concentration for lasing in this structure is
considerably higher than that apparently achieved, being ~2,10!8 cm™3, In
Figure 58 the peak emission intensity has been normalised to the experimenta)
curve. It is clear that, although the latter provides a reasonable fit, the
measured emission spectrum is somewhat wider, and a substantially improved fit
within the bounds of the two parameters discussed was not found. It was estimated
that the contribution of self absorption and re-emission effects within the
ternary capping layer contribute to no more than a few percent of the total
emission. It has also been shown recently [36], that excitonic contributions to
the spontaneous emission spectrum are important in GaAs/GaAlAs MQWs at carrier
concentrations up to ~1018 cm~3 where previously it had been beljeved that free
carrier screening would have prevented exciton formation. Both of these effects
would lead to a small enhancement of the long wavelength emission in the observed
spectrum, The suggestion here is that the observed spectrum is in fact a

compos ite of spectra for a series of quantum wells each having different carrier
concentrations, Jjust as would be found if preferential hole capture were present.
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[t is difficult to extract precise information concerning such an additional
broadening, In [23] the effect on the simulated spectra was simply illustrated by
consideration of a specific example with a series of wells with different carrier
concentrations, n=1.25,1.0, 0.75, 0.5 and 0.25 x1018 cm~3 and AE =10meV. It was
demonstrated that the resulting theoretical spectrum matched the shape of the
experimental curve somewhat better than if a single carrier concentration was
assumed.

In conclusion, a study of the spontaneous emission spectrum for 0E132 has found
an energy broadening of ~10-15 meV for this material. Since lifetime effects can
be assumed to contribute to about half of this total and alloy broadening in the
InGaAs a further 2-3 mev [37] it appears that the contribution due to material
fluctuations alone is relatively small, indicative of a high degree of structural
uniformity within the layers.

5. CONCLUSIONS

During the course of the program a full range of materials, InP, InGaAs, AllnAs
and GaAllnAs, necessary for the preparation of advanced M-MQW and GRIN-SCH lasers
have been developed. Key results of the program, representing state-of-the-art
technology, include:

(i) The preparation of room temperature lasing, broad area InGaAs/InP MQW
lasers.

(i) The preparation of low threshold, CW room and elevated temperature

operation, all MOVPE InGaAs/InP Buried Ridge MQW lasers for the first
t ime.

(iii) The development of a comprehensive laser model predicting the behaviour of
long wavelength quantum well lasers and generating optimum designs.

(iv) The preparation, for the first time, of MOVPE grown GaAllnAs DH lasers for
1.3um operation.
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(v) CW operation, 1.53um wavelength InGaAs/InP MQW pigtailed mocule (1) and
submounts (3) prepared, characterised and supplied to RADC, Hanscom.
(Appendix 1).

(vi)  Additional GaAllnAs 1,24um wavelength DH laser submounts (3) supplied
(Appendix 1).

The above results demonstrate that the technology necessary for preparing
optimised design M-MQW and GRIN-SCH lasers for 1.3 and 1.55um operation has now
been demonstrated. This will enable the investigation not only of optimised
GRIN-SCH quantum well lasers for reduced threshold, high speed and high 7
operation but also the possibility of other low dimensionality structures
including optical bistable devices based on the effects of preferential hole
capture across multi well systems predicted by our theoretical studies. Future

possibilities for advanced lasers based on quantum structures we are now able to
address 1include:

0

(i) Tne design and fabrication of GRIN-SCH structures for 1300nm wavelength
operation. Target J,, 500A.cm=2, T, 100K, with quantum well enhanced
gainslope for enhanced high speed operation.

(ii) The design and fabrication of 130C-1550nm wavelength laser structures using
strained layer active regions to suppress IVBA and Auger carrier loss

mechanisms. Target Jth 150A.cm~2, T0 120K, together with enhanced speed as
in (i) above.

(iii) The investigation of laser structures with further reduced dimensionality
using novel growth techniques aimed at achieving additional threshold
current reductions.

(iv) Research into bistable and all-optical switching devices based on quantum
well structures. Target: to demonstrate electrically and optically induced
bistabi.ity in quantum well laser structures.
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L1

Nd-YAG Input Pulse

FIG.24 SERIES OF TRACES SHOWING THE QPTICALLY PUMPED L ASING

ACTION FROM A 3Q WELL GalnAs/ InP MQOW LASER.
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FIG. 78 OPTICALLY PUMPED LASING SPECTRUM.
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FIG 31 MOW_LASER SPECTRUM FOR OXIDE STRIPE InGaAs [ InP LASER

WITH THINNER BARRIERS.
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Current Injection

FIG.37

L

MQW Layers

SRPREN, FEREE e p+ InGaAs Contact Layer
—p ~ InP Confinement Layer
n-1nP Substrate

TRANSVERSE BURIED STRIPE MQW LASER.
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OE 241B No 53
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FI1G.38 CW AND PULSED LIGHT/CURRENT CHARACTERISTICS FOR BURIED
RIDGE 1nGaAs/ InP MQW LASER.
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OE 241B No.30 at 19°C
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FIG.35 CW LASING SPECTRUM FOR 3URIED RIDGE InGoAsﬁ[InP MQW LASER.
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FIG.44 LASING SPECTRUM FOR GaAllnAs ACTIVE LAYER OXIDE STRIPE D H LASER.
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FIG.47
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TEMPERATURE SENSITIVITY AT 300K FOR AN 8-WELL InGaoAs/InP

1108 MQW LASER AS A FUNCTION OF IVBA AND AUGER LOSS RATES.
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RESEARCH AND DEVELQPMENT FOR LASER SOURCES BASED ON

QUANTUM WELL STRUCTURES FABRICATED IN THE InP ALLOY SYSTEM

Project No. F.19628-85-C-0172

APPENDIX 1

CHARACTERISTICS OF
MQW LASER DELIVERABLES

Plus Additional GaAllnAs DH Devices.
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3 To Cool
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o T -é
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MQW Laser Module Wiring Diagram o s

NB Ensure suitable externalload (eg. 50N ) s connected in series with
laser diode prior toconnecting power supply.
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Submount Details

Exposed Wire Bond

" Laser Diode

cye / /
e (I ovew

a

Negative
Terminal

MOUNTING CLAMP
All dimensions are in mm

N

21-00 15-87

2.85dia.
Tolerances+0 12 mm.
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For device protection, please ensure that a load resistance (e.g.50Q) is includec
in series with the laser and power supply before switch on.

Recommended pulse drive conditions for broad area GaAllnAs oxide isolated
devices:

Pulse width 200 ns

Repetition Rate 1KHz
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MISSION
of

Rome Air Development Center

RADC plans and executes research, development, test and
selected acquisition programs in support of Command, Control,
Communications and Intelligence (C*I) activities. Technical and
engineering support within areas of competence is provided to
ESD Program Offices (POs) and other ESD elements to
perform effective acquisition of C°I systems. The areas of
technical competence include communications, command and
control, battle management information processing, survetllance
sensors, intelligence data collection and handling, solid state
sciences, electromagnetics, and propagation, and electronic
reliability/maintainability and compatibility.




